Deficits in the ability to suppress automatic behaviors lead to impaired decision making, aberrant motor behavior, and impaired social function in humans with frontal lobe neurodegeneration. We have studied patients with different patterns of frontal lobe dysfunction resulting from frontotemporal lobar degeneration or Alzheimer's disease, investigating their ability to perform visually guided saccades and smooth pursuit eye movements and to suppress visually guided saccades on the antisaccade task. Patients with clinical syndromes associated with dorsal frontal lobe damage had normal visually guided saccades but were impaired relative to other patients and control subjects in smooth pursuit eye movements and on the antisaccade task 
Introduction
The ability to suppress reflexive or automatic behaviors is an important component of normal human brain function and is integral to a variety of cognitive, motor, and behavioral processes. The antisaccade task (Hallet, 1978 ) is a well understood task that models voluntary suppression of reflex behavior. It requires subjects to suppress a visually guided saccade and instead program a saccade to a nonexistent target in the opposite direction (Everling and Fischer, 1998) . A better understanding of the neural mechanisms of antisaccade control would help to reveal the basic mechanisms of human executive function. Thus, antisaccades could provide a model system for understanding how aging and brain diseases impair the ability to perform cognitive tasks that are necessary for independent living (Buckner, 2004) .
Suppression of visually guided saccades on the antisaccade task relies heavily on a neural network within the frontal cortex (Munoz and Everling, 2004) . Studies of human patients with focal brain lesions strongly implicate dorsal prefrontal brain regions, particularly the dorsolateral prefrontal cortex (DLPFC), as necessary for antisaccade network function (Guitton et al., 1985; Pierrot-Deseilligny et al., 1991 Walker et al., 1998) . Experiments using functional magnetic resonance imaging (fMRI) have identified the frontal eye fields (FEFs), supplementary eye fields (SEFs), presupplementary motor area (pre-SMA), superior frontal sulcus, and the DLPFC as nodes within the antisaccade circuit (Connolly et al., 2002; Curtis and D'Esposito, 2003; Ford et al., 2005) . Why is such a large network of frontal lobe brain regions activated before antisaccades if only the DLPFC is necessary for accurate task performance (Pierrot-Deseilligny et al., 2003) ? These two approaches are sensitive to different aspects of the operation of a neural circuit. Lesion studies define the degree to which a given area of the brain is necessary for a function but are limited in their ability to explore the interactions among all network nodes. In contrast, fMRI can identify multiple components of a neural network simultaneously but is more limited in its ability to determine the functional importance of each node.
Our goal was to explore whether deficits in antisaccade behavior could be assigned to degeneration of specific regions within the relevant circuit, using methods that directly correlate alterations in the structure of all potential components of the frontal lobe voluntary saccade network with measures of oculomotor performance. Impairment in the ability to perform the antisaccade task is a sensitive marker of dementia (Currie et al., 1991; Shafiq-Antonacci et al., 2003; Crawford et al., 2005; Mosimann et al., 2005 ) and has been recently described in one clinical variant of frontotemporal lobar degeneration (FTLD) (Meyniel et al., 2005) . To expand on this observation, we compared the oculomotor abilities of patients with FTLD and Alzheimer's disease (AD), and correlated individual-by-individual variation in oculomotor performance with the pattern of brain atrophy measured on structural MRI scans of the brain. We found that the volume of a segment of the right FEF is positively correlated with the percentage of correct antisaccade responses while the volume of the pre-SMA and a portion of the SEF is negatively correlated with antisaccade latency.
Materials and Methods
Subjects. All subjects were evaluated at the University of California, San Francisco Memory and Aging Center and gave informed consent to participate in the experimental procedures. For demented individuals who could not give informed consent because of their degree of cognitive impairment, a surrogate consenting procedure was used. Subjects underwent neurological examination, neuropsychological testing, and brain MRI scans within 3 months of eye movement evaluation and were categorized as control, AD, or FTLD subjects. FTLD is a common dementia that appears most frequently in patients Ͻ65 years old and is associated with degeneration of the frontal and anterior temporal lobes, with relative sparing of more posterior cortical regions. FTLD manifests as one of three clinical syndromes (Boxer et al., 2005) : (1) a behavioral/dysexecutive syndrome or frontal lobe variant known as frontotemporal dementia (FTD), (2) a temporal lobe variant with semantic memory loss, known as semantic dementia (SD), or (3) a progressive nonfluent aphasia (PA). Each clinical syndrome is associated with a different pattern of brain atrophy that can be measured quantitatively on MRI scans. FTD is associated with prominent frontal lobe tissue loss that is more prominent on the right side; in SD, the damage is more restricted to anterior temporal and ventral frontal lobe structures; PA is associated with frontal lobe atrophy that is more prominent on the left side, often extending from anterior insular cortex to dorsolateral frontal lobe structures (Rosen et al., 2002; Gorno-Tempini et al., 2004; Boxer et al., 2005) . Our FTLD subjects met the criteria of Neary et al. (1998) for FTD, SD, or PA. AD subjects met National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association criteria for probable AD (McKhann et al., 1984) . Normal subjects had no neurological complaints, normal neurological and neuropsychological examinations, and clinical dementia rating (CDR) scores of 0 (Morris, 1993) , except for one control subject with a CDR score of 0.5 but normal performance on neuropsychological tests. Our subject population contained 20 control, 14 FTD, 10 SD, 7 PA, and 18 AD subjects.
Eye movement recordings. Movements of the right eye were recorded in a dark room, using a Dual Purkinje Image Eye Tracker (Generation 6.1; Fourward Systems, Roanoke, VA). The spatial and temporal resolutions of the eye tracker were 0.5 deg and 1 ms. Targets consisted of white spots of 0.1 deg visual angle presented on an analog oscilloscope situated 80 cm from the subject's head. The subject's head was stabilized using chin and forehead rests and a head strap. Data were sampled at 1000 Hz on each channel and stored for off-line analysis.
Experiments were conducted as a series of trials separated by intertrial intervals of 800 -1000 ms, in which each trial might deliver a stimulus for smooth pursuit eye movements, saccades, or antisaccades in blocks with clear instructions to the subjects. Saccade trials consisted of randomly interleaved 5 and 10 degree targets presented up, down, left, or right of a central fixation point. Each trial began with illumination of a central fixation spot for a variable duration of 500 -1000 ms. When the fixation light was extinguished targets appeared either immediately (overlap condition) or after a 200 ms gap (gap condition, horizontal trials only). At least seven responses were recorded for each stimulus. To minimize the contribution of lens shift artifacts from the Purkinje tracker (Deubel and Bridgeman, 1995) , mean saccadic velocity was estimated as the change in eye position divided by the duration of the saccade. Analysis of selected data showed the same effects, but higher values, in measurements of peak eye velocity obtained by differentiation of the eye position record. Saccade latencies were computed as the duration of the interval from the appearance of an eccentric target to the onset of the saccade.
Pursuit eye movements were evaluated in blocks of trials that delivered step-ramp target motion (Rashbass, 1961) in each of four directions (up, down, left, or right) . Each pursuit trial began when a fixation spot was presented in the center of the screen for 1200 -1900 ms. The spot then underwent a step displacement of 5 deg and a smooth ramp motion toward the position of fixation for 600 -1200 ms at 20 deg/s. Each target motion was presented 10 -15 times.
Data analysis for pursuit trials began with removal from the eye velocity traces of the rapid deflections caused by saccades. A cursor was moved along each eye velocity trace to point out the start and end of the rapid deflections, which then were excised and replaced with straight-line segments connecting the eye velocity before and after the saccade. The responses to identical stimuli then were aligned on the onset of target motion and the mean and SD of eye velocity were calculated at each sample point.
The mean eye velocity responses were used to estimate the latency, initial eye acceleration, and two estimates of gain for each target direction. The latency to onset of pursuit was defined as the time at which the amplitude of eye velocity was more than three SDs from the baseline velocity during fixation. The average eye acceleration for the first 100 ms of pursuit was determined by calculating the difference between eye velocity 100 ms after pursuit onset and eye velocity at the initiation of pursuit, divided by 100 ms. Peak gain was computed as the average of 10 points either side of the maximum eye velocity divided by the target speed. Finally, we calculated the mean gain as the average eye velocity for the period the target was moving divided by the target speed.
Antisaccades were evoked in separate blocks of trials with subjects given the instruction to "look away from the lateral target at a corresponding spot on the other side of the fixation point, and correct erroneous saccades in the direction of the target if possible." A minus sign appeared briefly after the central fixation target was extinguished to remind subjects to look in the direction opposite to the target stimulus. After a 200 ms gap, targets appeared 10 degrees to the right or left. Responses were considered to be successful antisaccades if the first saccade after target onset had an amplitude Ͼ3 degrees and was in the opposite direction from the target. Antisaccade corrections were recorded as antisaccades that occurred within 500 ms of an initial erroneous prosaccade. Responses in at least 18 antisaccade trials were recorded in each direction.
Neuropsychological testing. General intellectual function was assessed using the Mini-Mental State Examination (MMSE) (Folstein et al., 1975) . The California Verbal Learning Test-Mental Status Version (Delis et al., 2000) was used to evaluate verbal episodic memory, and a modified version of the Rey-Osterrieth complex figure with a 10 min free-recall delay trial was used to evaluate nonverbal episodic memory. Language assessment included the abbreviated (15 item) Boston Naming Test (Kaplan et al., 1983) , comprehension of seven syntactically complex commands and questions, repetition of three phonemically complex phrases, semantic fluency (animals in 1 min) and phonemic fluency (D-words in 1 min). Visuospatial assessment included copying the modified Rey-Osterrieth figure as well as trial 1 of the Design Fluency subtest of the Delis-Kaplan Executive Functions Scale (Delis et al., 2000) . Tests of executive functioning included a visuomotor set-shifting and sequencing task [a modified version of the Trails B test (Reitan, 1958) ], backwards digit span to assess working memory, and the Stroop interference task (Golden, 1978) to assess inhibition of an overlearned response. Ability to perform five arithmetic calculations was also assessed. Psychological status was measured using the Geriatric Depression Scale (Yesavage et al., 1983) .
Statistics. Group comparisons of demographic, neuropsychological, and functional ratings were accomplished with ANOVA or 2 statistics. Previous studies (Stuphorn and Schall, 2002) indicated that eye movement latencies do not follow a normal distribution. We confirmed that the saccade and antisaccade latency distributions were not normally distributed using Q-Q plots. For this reason, we used nonparametric statistics (Kruskal-Wallis test) to identify significant group effects on eye movement latencies. Because methods for nonparametric multiplecomparisons corrections are not well developed, significant group effects were followed up with ANOVA with Tukey post hoc to find specific group differences in saccade and pursuit latency. To correct for multiple comparisons in the neuropsychological-oculomotor correlation analysis, the false discovery rate procedure was applied (Nichols and Hayasaka, 2003) . Statistical analyses were performed using SPSS for Windows (version 12.0, SPSS, Chicago, IL) and SAS (SAS Institute, Cary, NC).
Magnetic resonance images. MRI scans were obtained on a 1.5 T Magnetom Vision system (Siemens, Iselin, NJ) at the San Francisco VA Magnetic Resonance Unit, as described in a previous report (Rosen et al., 2002) . Three-dimensional T1-weighted scans (magnetization-prepared rapid-acquisition gradient echo) were used for both the BRAINS2 and voxel-based morphometry (VBM) analyses described below.
For use of the BRAINS2 software package [Mental Health-Clinical Research Center at the University of Iowa (Magnotta et al., 2002) ], the T1-weighted images were spatially normalized and resampled to 1.0 mm 3 voxels. Next, the outermost boundaries of the cortex, as well as the anterior commissure and posterior commissure, were identified to warp the Talairach grid (Tailarach and Tournoux, 1988) onto the current brain. The T2-and PD-weighted images were then realigned to the spatially normalized T1-weighted image using an automated image registration program (Woods et al., 1992) . The resampled images were segmented into gray matter, white matter, and CSF using the coregistered images and a discriminant analysis method. A brain mask was generated using a previously trained artificial neural network, and lobar volumes were then calculated using an automated Talairach-based method of regional classification (Magnotta et al., 2002) . Finally, the lobar volumes were normalized to correct for differences in overall head size: the absolute lobar volume was multiplied by the average total intracranial volume (TIV) of the patient sample and then divided by the individual's TIV.
For VBM, images were preprocessed and statistically analyzed using the SPM2 software package (http://www.fil.ion.ucl.ac.uk/spm), using standard procedures (Ashburner and Friston, 2000; Good et al., 2001 ). For spatial normalization, a customized template was constructed from 40 age-matched control subjects. Affine and nonlinear transformations were applied to spatially normalize patients' and controls' images to the template. To improve image spatial preprocessing, the "optimized" twostep procedure was applied (Good et al., 2001) . First, patient and control images were segmented in native space. Each gray matter image then was normalized to a gray matter template. The normalization parameters obtained from the gray-matter normalization then were applied to the original T1-weighted image. Finally, normalized T1 images were segmented again. Gray and white matter voxel values were multiplied by the Jacobian determinants derived from the spatial normalization step to preserve the initial volumes. Images then were spatially smoothed with a 12 mm full-width half-maximum isotropic Gaussian kernel. Regions of gray matter volume that correlated with oculomotor measurements were assessed using the general linear model and the significance of each effect was determined using the theory of Gaussian fields. A statistical threshold of p Ͻ 0.05 at the voxel level, corrected for multiple comparisons (family-wise error), was accepted for the main contrasts.
The relationship between oculomotor performance on saccade tasks and regional brain atrophy (as a surrogate measure of disease-related pathology) was modeled as an ANCOVA with age, gender, cognitive status (MMSE or backward digit span), and TIV as covariates of no interest. To decrease the chance of type I error (i.e., a false positive result attributable to an interaction between underlying brain pathology caused by aging, FTLD, or AD and oculomotor function), the VBM analysis controlled for potential oculomotor function by group (normal, FTLD, or AD) interactions. We did not use the individual FTLD clinical subtypes in the VBM analysis because the pattern of brain atrophy is closely related to FTLD clinical subtype, so controlling for clinical subtype would have greatly increased the chance of type II error attributable to potential colinearity between patterns of brain atrophy and subtypespecific effects on oculomotor performance. A less stringent analysis, which did not account for potential interactions between group and oculomotor performance, produced similar results to those we describe (same regions, more statistically significant because of larger number of degrees of freedom).
Because there was an a priori hypothesis that the percentage of correct antisaccade responses is related to the integrity of dorsal frontal lobe structures, the VBM analysis was limited to the bilateral dorsal frontal lobes by creating a mask using the WFU pickatlas [www.fmri.wfubmc. edu (Maldjian et al., 2004) ]. A second analysis with a mask that consisted of the bilateral basal ganglia/substantia nigra was also performed to increase sensitivity to possible subcortical volume change relationships to antisaccade control. Finally, to address whether volume changes in brain regions outside the frontal lobes were related to oculomotor abnormalities, we analyzed all brain gray or white matter voxels simultaneously, at a lower statistical threshold ( p Ͻ 0.1, family-wise error multiplecomparisons corrected) to increase sensitivity. Localization of areas of significant cortical and subcortical gray matter loss was accomplished by superimposing the regions of significant atrophy on the averaged T1-weighted image used to create the template for spatial normalization and visual comparison with a cerebral atlas (Duvornoy, 1999) . Regions of atrophy are reported in Montreal Neurological Institute (MNI) coordinates (Evans et al., 1993) .
Results
Consistent with their status as demented individuals, all patients were significantly different from controls on the CDR total score and sum of boxes score ( p Ͻ 0.03, ANOVA, Tukey post hoc) ( Table 1) . Mean MMSE scores were lower in the patients than in the control subjects, but only the SD and AD groups were significantly lower than controls. There were no differences in MMSE or CDR sum of boxes scores between the patient groups. There were no significant differences in age, gender, or education between any of the subject groups. (12) 250 (14) 293 (20) 266 (22) Prosaccades and smooth pursuit in FTLD and AD Patients showed little deficit in saccades to single targets. There was a significant group effect on vertical saccade latency and a nonsignificant trend for a group effect on horizontal saccade latency ( p ϭ 0.041 for vertical, p ϭ 0.058 for horizontal, KruskalWallis). AD patients showed increased latency of vertical and horizontal 10 degree saccades relative to controls (Table 2) . There were no differences in saccade latency between any of the FTLD groups and controls or AD patients. All groups showed a similar decrease in saccade latency when a 200 ms gap was introduced between fixation offset and target onset (Fig. 1C ). There were no differences between groups in saccade gain or velocity ( Fig. 1 E, Table 2 ). There were no significant differences in symmetry (horizontal vs vertical, right vs left, or up vs down) of saccade latency, velocity, or gain between any of the subject groups. For smooth pursuit of targets moving at 20 degrees/s, both the FTD and AD group were impaired relative to controls and SD subjects on multiple aspects of horizontal and vertical smooth pursuit (Table 3) . Compared with controls and the SD group, the FTD group had reduced mean gain ( Fig. 1 B, D) and initial eye acceleration (Fig. 1 F) . Similarly, the AD group had lower smooth pursuit gains and initial acceleration as compared with controls and SD patients. There were no significant differences in smooth pursuit performance in the PA group relative to controls or SD patients.
Antisaccade performance in FTLD and AD
There was a significant effect of diagnostic group on the percentage of correct responses in the antisaccade task (KruskalWallis, p Ͻ 0.001). The FTD, PA, and AD groups had lower percentages of correct responses than controls and SD subjects when all antisaccade trials were analyzed together ( p Ͻ 0.001 vs control, p Ͻ 0.006 vs SD; ANOVA with Tukey post hoc). Group differences persisted when trials with targets presented to the left and right visual field were analyzed separately (Fig.  2 A, B) .
The percentage of error trials that were corrected ( p ϭ 0.013, Kruskal-Wallis) as well as the mean latency of antisaccade errors ( p ϭ 0.016) also differed among diagnostic groups (Fig. 2C,D) . The effect was statistically significant only for the AD group, which had a lower percentage of corrected error trials than controls and longer mean antisaccade latencies than controls on trials during which an error was made (Fig. 2 D) . There were no differences between patient groups on either of these measures. Likewise, the mean latency of correct antisaccade trials did not differ between any of the subject groups. The high percentage of antisaccade errors that were corrected provides evidence that subjects in all groups understood the antisaccade task, although the AD patients were less able to convert that understanding into actions to correct erroneous prosaccades.
Because there was a similar pattern of performance on the antisaccade task and smooth pursuit measures between the different subject groups (FTD and AD impaired relative to controls and SD), we asked whether deficits in the performance of both tasks might be related in individual subjects. We found a strong correlation between the percentage of correct antisaccade responses and multiple horizontal smooth pursuit variables when all subjects were analyzed together (Table 4) . We did not identify a correlation between antisaccade performance and vertical pursuit in either direction.
Relationship between antisaccade performance and cognitive measures
Studies of antisaccade performance in AD have identified strong relationships with measures of cognitive function (ShafiqAntonacci et al., 2003; Crawford et al., 2005) . We found that antisaccade performance (percentage of correct responses and percentage of correct responses plus corrected errors) was correlated with cognitive measures but not functional measures of dementia severity in both patient groups. Performance was most strongly related to neuropsychological tests of frontal lobe/executive functions in both FTLD and AD subjects (Table 5) . In both groups, a measure of set-shifting ability, the modified trails task (correct responses), the number of inhibition errors on the Stroop task, and the ability to perform five simple calculations, were correlated with performance on the antisaccade task (both directions averaged, corrected for multiple comparisons using false discovery rate). The number of sequencing errors on the trails task was strongly correlated with antisaccade performance in the FTLD group but not the AD group, whereas the time required to complete the trails task was correlated with antisaccade performance in the AD group but not the FTLD group. A general measure of cognitive function, the MMSE score, measures of immediate verbal episodic memory, and verbal fluency (number of D words and animals generated per minute) were correlated with antisaccade function in the AD group only. Including corrected antisaccade responses plus initially correct responses in the analysis led to stronger correlations between antisaccade function and tasks with a strong visual component: in FTLD, the number of designs generated per minute and Stroop errors, and in AD, the ability to copy a complex figure were better correlated with this measure.
One prediction of these results would be that AD patients with high MMSE scores should have minimal antisaccade impairments, whereas FTLD patients with high MMSE scores should be more impaired. To test this prediction, we compared antisaccade performance in a subgroup of our subjects with high MMSE scores (Ͼ22). As predicted, antisaccade performance was impaired in the FTLD group relative to controls (percentage correct responses, 38.9 Ϯ 9% FTLD vs 82.9 Ϯ 4.3% control, p Ͻ 0.001, ANOVA) but not in the AD group (67.1 Ϯ 11%, p ϭ 0.541 vs control).
Oculomotor and brain volume correlations
Previous functional imaging and lesion studies have implicated regions in both the frontal and parietal lobes as important for performing smooth pursuit and the antisaccade task. To address whether there was a similar brain-behavior relationship in our subjects, we first used a low spatial resolution, region of interest approach (BRAINS2) to ask whether the volume of frontal or parietal lobe gray matter predicted smooth pursuit or antisaccade To better localize the frontal lobe brain regions involved in antisaccade control, a higher spatial resolution technique, VBM, was used to identify frontal lobe regions in which there was a correlation between the percentage of correct responses on the antisaccade task and brain volume (Table 6 ). An ANCOVA was used, configured to control for age, gender, cognitive status (MMSE), and total intracranial volume. In addition, potential interactions between diagnostic group and oculomotor performance were controlled by using the following groups: controls, AD, and a combined FTLD (FTD, SD, and PA) group. The combined FTLD group was used instead of each individual FTLD subtype to increase sensitivity to correlations between frontal lobe gray matter loss and antisaccade performance [i.e., to decrease the chance of type II error attributable to colinearity between regional frontal lobe brain atrophy patterns in FTLD subtypes and patterns of antisaccade performance in FTLD (Rosen et al., 2002; Boxer et al., 2003; Gorno-Tempini et al., 2004) ].
The mean percentage of correct antisaccade responses (left and right targets combined) was correlated with the volume of multiple gray matter voxels in the inferior portion of the right FEF: poor performance correlated with decreased brain volume (Brodmann's area 6) (Fig. 3 A, C) . A VBM analysis of antisaccade latency (left targets, right targets, correct trials, error trials, or all trials averaged) did not identify the right FEF (Table 6 ). Furthermore, after controlling for multiple comparisons, there was no correlation between the volume of this region and the latency of antisaccade responses (all averaged) (Fig.  3D) . Because MMSE may underestimate the degree of dementia in FTLD ) and antisaccade performance is related to working memory load in normal subjects (Mitchell et al., 2002) , we asked whether working memory might serve as an intervening variable to confound the antisaccade brain volume analysis. However, inclusion of backward digit span, a measure of working memory that was correlated with antisaccade performance (Table 5), as a covariate of no interest in the VBM analysis did not affect the results.
To test whether damage to the right FEF may have an effect on the latency of visually guided saccades similar to that identified in focal lesion studies (PierrotDeseilligny et al., 2003) , we attempted to correlate saccade latency with the volume of the peak voxel that was identified in the analysis of antisaccade performance. We found no significant correlation for either the overlap or gap conditions, or for rightward, leftward, or both directions together (Table 6 ). In addition, when controlling for multiple comparisons, there was no relationship between the volume of the peak right FEF voxel identified in the analysis of antisaccade performance and the latency for visually guided saccades to simple targets, without the antisaccade instruction (Fig. 3E) . We also found no significant correlation with measures of the performance of smooth pursuit eye movements.
There was a strong correlation between antisaccade latency, averaged across correct and incorrect trials, and the volume of bilateral regions within the pre-SMA and SEF: such that shorter antisaccade latencies were associated with smaller volumes in the pre-SMA/SEF (Table 6, Fig. 3 B, G) . This region was not identified in the VBM analysis of percentage of correct antisaccade responses (Table 6) , and there was no correlation between the volume of the peak voxel identified in this region and the percentage of correct antisaccade responses, after controlling for multiple comparisons (Fig. 3D) . Likewise, there was no correlation between visually guided saccade latency and the volume of this region (Fig. 3H ) . Interestingly, there was a correlation between visually guided saccade latency in the overlap condition and the volume of an anterior and lateral superior frontal gyrus region Columns labeled x, y, and z indicate MNI (Evans et al., 1993) coordinates. Z-score and p value indicate the statistical significance of the best voxel identified from each VBM correlation. p value is corrected for multiple comparisons (family-wise error). Many oculomotor variables were not correlated with brain atrophy in any region: correct antisaccade responses plus corrected errors, antisaccade gain, latency of correct antisaccade responses, latency of antisaccade errors, proportion of corrected antisaccade errors, visually-guided saccade latency (gap task), visually-guided saccade velocity, visually-guided saccade gain, pursuit parameters. BA, Brodmann's area; pSMA, pre-SMA. that is contiguous with the region identified in the antisaccade latency analysis (Table 6 ). The VBM analysis failed to reveal any correlations between the volume of dorsal frontal lobe brain regions and any of the other eye movement parameters we measured. These included the following: the gain of correct antisaccades, the total percentage of correct antisaccade trials (initially correct responses plus corrected errors), the latency of correct antisaccade responses, the latency of incorrect antisaccade responses, the proportion of antisaccade errors that were corrected, and all measures of the performance of smooth pursuit eye movements.
FTLD is associated with atrophy of the basal ganglia, which have strong connections to the frontal lobe regions we identified. To address whether damage to these regions might play a role in the effects we observed we repeated the VBM analysis, limiting the search volume to the bilateral basal ganglia and substantia nigra to increase sensitivity to atrophy in these regions. There was no correlation between the volume of these brain regions and the oculomotor abnormalities we identified. Finally, as other cortical regions in addition to the dorsal frontal lobes might be more important for mediating antisaccade performance in these subjects, we repeated the VBM analysis, this time analyzing all brain regions simultaneously using a less stringent statistical threshold ( p Ͻ 0.1, corrected for multiple comparisons). This analysis failed to identify any other brain regions whose volume was correlated with the percentage of correct or latency of antisaccade responses.
Discussion
Our paper describes the relationship between structural degeneration in different regions of the brain and oculomotor abnormalities associated with a spectrum of clinical phenotypes of frontotemporal lobar degeneration or FTLD. Individuals with degeneration that prominently involves dorsal frontal lobe structures (FTD and PA) are less able to perform the antisaccade task correctly and have deficits in smooth pursuit eye movements, whereas FTLD subjects with damage limited to ventral frontal and anterior temporal lobe structures (SD) have performance similar to that of age-matched normal control subjects. Quantitative comparison of the magnitude of the oculomotor disorders with the loci of degeneration within the dorsal frontal lobes revealed an interesting double dissociation. The volume of a segment of the right FEF was positively correlated with the percentage of correct responses on the antisaccade task, whereas the volume of the pre-SMA and SEFs was strongly correlated with the latency of antisaccades. The volumes of neither of these regions was correlated with other aspects of antisaccade performance or with the properties of visually guided saccades or smooth pursuit. The absence of a correlation with the performance of pursuit strengthens the case for a specific interaction between these areas and antisaccade performance, because pursuit performance itself was correlated significantly with antisaccade performance. We suggest that the FEF and pre-SMA form two nodes with independent but related functions in the neural circuits responsible for the rapid inhibition of saccades to explicit visual targets.
Localization of oculomotor abnormalities in FTLD and relationship to lesion models and functional imaging studies
The oculomotor deficits in our group of patients are not, themselves, surprising in light of previous focal lesion studies that implicate the frontal lobes in antisaccade function (Guitton et al., 1985; Thurston et al., 1988; Rivaud et al., 1994; PierrotDeseilligny et al., 1995 PierrotDeseilligny et al., , 2003 Walker et al., 1998) . However, data obtained with either lesion studies or measures of human brain activity pose a problem of interpretation: because normal behavior is generated by the operation of a neural circuit, neither lesion nor recording studies provide definitive localization of function within that circuit. We have been able to go one step further than lesion or functional imaging studies by showing a correlation between the magnitude of specific oculomotor deficits and the degeneration of specific brain areas.
We have identified a direct relationship between the percentage of correct responses on the antisaccade task and frontal lobe gray matter volume: the frontal lobe region most strongly related to the antisaccade correct responses lay near the intersection of the right middle frontal gyrus and precentral sulcus, in Brodmann's area 6. This region is near the inferior boundary of the regions of peak activity related to visually guided saccades in fMRI experiments and has been identified as the FEF by histopathology, fMRI, and cortical stimulation experiments in humans (Ber- Milea et al., 2002; Rosano et al., 2002 Rosano et al., , 2003 Blanke and Seeck, 2003; Yamamoto et al., 2004) . On one hand, it is a concern that the volume of the right but not the left FEF was related to the performance on the antisaccade task; on the other, our results are similar to those from similar analyses of the relationship of antisaccade correct responses to brain volume in normal adults as well as the laterality of results of some fMRI experiments (Ettinger et al., 2005; DeSouza et al., 2003) . Our study primarily focused on the frontal cortex because our demented subjects had prominent damage to this region, and an initial lobar analysis suggested that integrity of this region was most related to antisaccade performance. Although separate whole brain, basal ganglia, and white matter analyses confirmed that the strongest correlations between antisaccade performance and brain volume were in the frontal gray matter, we cannot rule out damage to other components of this network as partially mediating the effects that we observed.
Focal lesion studies have produced slightly different results than those reported here. In two studies, damage to a subregion within the DLPFC (Brodmann's area 46), has been found to be most strongly associated with increased antisaccade error rate (Pierrot-Deseilligny et al., 2003; Ploner et al., 2005) . The same lesion studies also suggest that damage to the FEF leads to increased latency of saccades and decreased gain of saccades (Pierrot-Deseilligny et al., 2003) . Although the region we identified as being most highly correlated with the percentage of correct antisaccade responses resembles the inferior boundary of the FEF (Paus, 1996) , its volume was not correlated with the latency of visually guided saccades. Thus, with regard to saccades, the region that is correlated with antisaccade performance in our patients behaves more like the DLPFC described in focal lesion studies. Perhaps the region we have identified is a subregion within or bordering on the FEF that is involved in withholding visually guided saccades. The existence of such a region in the inferior portion of the FEF is consistent with the ability to suppress saccades with direct FEF stimulation in humans (Milea et al., 2002) .
In nonhuman primates, the "pre-FEF" is an area that is anterior and inferior but adjacent to the FEF and contains large numbers of "don't look" neurons whose activity signals suppression of a saccade toward visual targets in tasks such as the antisaccade task (Hasegawa et al., 2004) . Given its anatomical relationship to the FEF and functional significance in the antisaccade task, the region identified in our study whose volume is correlated with antisaccade performance may represent a human homolog of the monkey pre-FEF.
Relationship between oculomotor deficit-correlated regions of brain atrophy and patterns of brain damage in other dementias
Impaired antisaccade performance is a feature of dementia caused by a variety of etiologies, including AD, Parkinson's disease-related dementias, HIV/AIDS, and schizophrenia (Everling and Fischer, 1998) . Our antisaccade results are similar to those reported for the frontal variant of FTLD (Meyniel et al., 2005) . Consistent with other reports of antisaccade impairments in AD (Currie et al., 1991; Abel et al., 2002; Shafiq-Antonacci et al., 2003; Crawford et al., 2005) , we found a strong correlation between antisaccade performance and general cognitive status as measured by MMSE score (Table 5 ). There was no correlation between MMSE score and antisaccade performance in FTLD. Furthermore, analysis of patients with milder cognitive deficits (MMSE Ͼ22) revealed impairments of antisaccade performance in the FTLD group but not the AD group. Because frontal lobe damage is an early feature of FTLD (Broe et al., 2003) but occurs later in the course of disease in AD (Thompson et al., 2003) , these findings suggest that our AD patients with high MMSE scores may not yet have acquired sufficient dorsal frontal lobe damage to result in antisaccade impairments. Because a small percentage of clinically diagnosed FTLD subjects may be found to have AD pathology at autopsy, these results will need to be confirmed in pathologically diagnosed FTLD. However, because both FTLD and AD area are associated with brain atrophy, our imaging results would not be expected to change as a result of a reclassification of our subjects based on pathological diagnosis.
Consistent with our identification of dorsal frontal lobe integrity as related to antisaccade performance, cortical thickness measurements in HIV-infected individuals reveal prominent damage to this region early in the course of disease. (Thompson et al., 2005) Moreover, antisaccade performance is highly correlated with the volume of right dorsal frontal lobe structures (including the FEF) in schizophrenia (Bagary et al., 2004; Ettinger et al., 2004) , and measurements of cortical thickness reveal that the region surrounding the FEF is severely atrophied in schizophrenics (Cannon et al., 2002) . Consistent with our inability to detect a correlation between basal ganglia damage and antisaccade performance in our FTLD subjects, patients with Parkinson's disease do not have measurable antisaccade abnormalities unless they also have dementia caused by extensive cortical pathology (Mosimann et al., 2005) .
Mechanistic implications of lateral (FEF) versus medial (SEF/ pre-SMA) frontal lobe regions for antisaccade control
We identified a strong relationship between the latency of antisaccade trials and the volume of the pre-SMA and SEF, such that larger volumes of these regions were associated with longer latencies of both correct antisaccades and antisaccade errors. These regions may exert their effects through high-level supervisory processes that signal previous probability and urgency and are engaged before saccade onset. Such supervisory processes may delay the onset of saccades (Schlag-Rey et al., 1997; Stuphorn et al., 2000; Carpenter, 2004) . With damage to the SEF and pre-SMA, these processes would not operate, leading to more rapid implementation of programs for visually guided saccades, generated in the FEF and other dorsolateral prefrontal regions.
The results of recent fMRI studies of antisaccade performance suggest that early pre-SMA activity before the onset of an antisaccade cue reflects an abstract, directionally undetermined eye movement goal that biases the activity in other oculomotor areas and reduces the likelihood of a visually guided saccade to an exogenous cue (Curtis and D'Esposito, 2003; Ford et al., 2005) . Our findings provide a potential mechanism for this effect through control of latency. Our data suggest that the pre-SMA and SEF slow the generation of saccades that require a choice between two visual cues (in this case, a fixation point and eccentric target), and facilitate the decision to initiate a saccade that occurs (at least in part) within the FEF. This close interaction is supported by a multivariate fMRI analysis of antisaccade-related activity in the frontal lobe, in which there is increased coherence in the activity of the pre-SMA and FEF before the generation of antisaccades .
